The metabolic fates of the carbon skeletons of essential amino acids were investigated in growing rats fed on diets containing graded percentages of protein calories (5, 10, 15, 20, 30, and 40 PC%) using soybean protein isolate at 4,100 kcal of metabolizable energy per kg of diet. The incorporation of 14C into the body protein 12h after the intraperitoneal injection of labeled essential amino acids was more than 60% of the dose in the 5 to 10 PC% groups, but it began to decline gradually in the higher PC% groups. The expired 14CO2 production from labeled threonine, tryptophan, leucine, isoleucine, valine, phenylalanine, and lysine increased linearly with increasing levels of dietary soybean protein, but the rate of increase in the 14CO2 production was lower in the higher PC% groups. In comparison, the 14CO2 production from methio nine, histidine, and arginine decreased in the 5 to 15 PC% groups, and it increased linearly in the higher PC% groups. The extent of 14CO2 production varied among the essential amino acids in each dietary group. These results indicate that the carbon skeletons of essential amino acids are mainly utilized for body protein synthesis, but significant amounts of their carbons are oxidized to expired carbon dioxide for energy produc tion, and that the metabolic responses of these amino acids to dietary protein level change at around 20 PC%, where the growth rate reached its approximate maximum. The utilization of individual essential amino acids in rats fed on the soybean protein diets changed markedly as compared to those on purified whole egg protein diets, the results of which have been reported elsewhere.
acid for the growth of rats; however, for children and adults, methionine supple mentation to soybean protein diets is unnecessary under normal conditions. While the studies on growth and nitrogen balance show that soybean protein has good qualities among vegetable proteins, the metabolic response of individual amino acids to soybean protein intake has not been sufficiently clarified. In our previous paper (6), we examined the metabolic fates of the carbon skeletons of methionine, serine, and alanine in growing rats fed on diets with graded levels of soybean protein isolate. The results showed that methionine, which is the most limiting amino acid of soybean protein for rats, was preferentially used for body protein synthesis, while a large proportion of alanine carbon was rapidly oxidized to expired carbon dioxide, even in protein-depleted rats. In this study, we examined the effect of soybean protein intakes on the metabolic fates of carbon skeletons of the individual essential amino acids in growing rats by administration of 14C-labeled amino acids. These results are compared to those obtained for the purified whole egg protein which have been examined in our earlier studies (7) (8) (9) (10) (11) (12) (13) (14) . MATERIALS 
AND METHODS

Animals
RESULTS
In the l0-day feeding experiments, the growth curves of rats fed on the soybean protein diets with more than 20 PC% were almost linear, while in the 5 and 10 PC% groups the growth was depressed during the entire period of the feeding experiment ( Fig. 1 ). Body weight gain reached an approximate plateau at around 20 PC% in the diet, and the rats fed the 5 PC% soybean protein diet barely maintained their weight gains. These results of the growth experiments were essentially identical with those obtained in the previous paper (6) . It is considered that no drastic change in the size of the amino acid pool in the tissues was induced by the injection of the isotope, since only a trace amount of the labeled amino acid is used, as has been pointed out (7) . Total recovery percentages of the radioactivity were 99 to 109% for threonine, 95 to 97% for leucine, 87 to 97% for isoleucine, 84 to 90% for valine, 85 to 89% for phenylalanine, 95 to 96% for tryptophan, 855 to 93% for lysine, 87 to 95% for histidine, and 101 to 107% for arginine (the means of four rats in each group).
The expired 14CO2 production 12h after injecting 14C-labeled essential amino acids in rats fed on the soybean protein diets is shown in Fig. 2 . The values obtained in rats fed on the purified whole egg protein diets under similar feeding conditions, which are cited from our previous papers (7) (8) (9) (10) (11) (12) (13) (14) , are also presented, and the data for labeled methionine are also cited from a published work (6) . The 14C-AMINO   ACID  METABOLISM  AND  SOYBEAN  PROTEIN  DIETS  437 14CO 2 production from branched chain amino acids, leucine, isoleucine, and valine, increased linearly with increasing levels of dietary soybean protein from 5 to 20 PC%, but the rate of increase rate was lower at the higher PC% in the diets. In the lower PC% groups, the 14CO2 production from these branched chain amino acids in rats fed on the soybean protein diets exceeded those in rats fed on the egg protein diets, while at higher PC% the outputs in rats fed on the soybean protein diets were lower than those on the whole egg protein diets. A similar response pattern was obtained in the case of threonine, lysine, tryptophan, and phenylalanine. In comparison, the 14CO2 production from labeled methionine, arginine, and histidine was depressed and remained constant in the 5 to 15 PC% groups, but thereafter the output increased linearly in the higher PC% groups. The 14CO2 production from labeled methionine in rats fed on the soybean protein diets was distinctly lower than that in rats fed on the egg protein diets, whereas the output from labeled arginine was higher in rats fed on the soybean protein diets than that in rats fed on the egg protein diets at all PC%s. The incorporation of radioactivity into the body protein 12h after injecting 14C -labeled essential amino acids in rats fed on the soybean protein or purified whole egg protein diets are shown in Fig. 3 . In both the experiments on the soybean protein and egg protein diets, when these labeled essential amino acids were injected intraperitoneally, more than a half of the injected dose was incorporated into the body protein at all PC%s. In general, a much greater proportion of the ad- ministered radioactivity was incorporated into the body protein in lower PC% groups, but incroporation of the radio labels decreased in the higher PC% groups. The incorporation of labeled methionine and threonine into the body protein was especially high (more than 80% of the dose being recovered), and the values for the soybean protein diets exceeded almost all of those for the egg protein diets. This appears to be related to the fact that methionine and threonine are the limiting amino acids of the soybean protein for the optimal growth of rats, and so the carbon skeletons of methionine and threonine were extensively used for body protein synthesis, especially in the low intake of the soybean protein as compared to the cases for the egg protein diets. The incorporation of labeled tryptophan, isoleucine, valine, phenylalanine, and histidine into the body protein in the lower PC% of the soybean protein diets were lower than those of the egg protein diets, while in the higher PC% diets the values for the soybean protein diets were somewhat greater than those for the whole egg protein diets. Thus, the results indicate an inverse correlation between the 14CO2 production and the 14C incorpo ration into body protein.
The distributions of radioactivity for the body lipid and soluble fractions in rats fed on the soybean protein diets showed that the recovery percentages were minor compared to that for 14C incorporation into body protein (Tables 1 and 2 ). The conversion of carbon skeletons of leucine and isoleucine into the body lipid was greater than those of other essential amino acids, showing a gradual decrease in the conversion rates with increasing soybean protein levels in the diets. The carbon skeletons of basic amino acids, especially histidine, were converted to a lesser extent into body lipid. The recovery of radioactivity in the body soluble fraction from labeled phenylalanine and branched chain amino acids were about 3 to 4% of the dose, and no remarkable changes were observed among the dietary groups. The Table 1 . Conversion of 14C-labeled essential amino acids into body lipid in growing rats fed the diets with graded levels of soybean protein during a 12-h period.
(% of injected dose) values for threonine and basic amino acids were greater than other essential amino acids, especially at lower levels of dietary soybean protein. The urinary excretion of the radioactivity was higher for labeled histidine, arginine, and tryptophan, about 10% of the injected dose being recovered, and tended to increase with increasing soybean protein levels in the diets (Table 3) . The distribution of radioactivity in each amino acid fraction in the body protein hydrolysates after injecting the labeled essential amino acids, except for methionine and tryptophan, are shown in Fig. 4 . Almost all of these essential amino Fig. 4 . Distribution of radioactivity in each amino acid fraction from body protein hydrolysates in growing rats fed on the 15 PC% diet after injecting 14C-labeled essential amino acids. The pooled sample of the carcass protein hydrolysate in the 15 PC% group was fractionated by an automatic amino acid analyzer using a lithium citrate buffer system. One milliliter of each fraction was taken for the measurement of radioactivity.
acids showed a single radioactive peak for carcass protein hydrolysate, except for threonine and phenylalanine in which a major radioactive peak for the correspond ing amino acid was observed but a minor peak of glycine or tyrosine was observed when rats were given [14C] threonine or [14C]phenylalanine, respectively. The conversion of threonine to glycine or of phenylalanine to tyrosine was confirmed with the data obtained from previous experiments with whole egg protein diets (10, 11) .
DISCUSSION
The results in this study indicate that the carbon skeletons of essential amino acids are mainly utilized for body protein synthesis, but significant amounts of their carbons are converted to keto acids and lipids and are finally oxidized to expired carbon dioxide for energy production. Furthermore, the metabolic responses of these essential amino acidss to dietary protein levels change at around 20 PC%, where the growth rate reached its approximate maximum, when rats were given graded levels of soybean protein isolate in the diets.
The metabolic fates of carbon skeletons of amino acids in the intact animal have been examined by many investigators under various nutritional conditions (19) (20) (21) (22) (23) . In our previous studies, the metabolic fates of carbon skeletons of 20 individual amino acids were examined by administering 14C-labeled amino acids to growing rats fed on diets containing graded levels of dietary protein calories (7-14, 14C-AMINO   ACID  METABOLISM  AND  SOYBEAN  PROTEIN  DIETS  441 24, 25). By using purified whole egg protein as a dietary protein source, it was possible to investigate the effects of dietary protein intake on amino acid utilization without inappropriate factors such as limiting amino acids. These results indicate that the carbon skeletons of the essential amino acids are efficiently used for body protein synthesis especially in protein depletion, but. their efficiency of utilization gradually declined at higher protein levels in the diet, showing a leveling off at around 10 PC%, where the optimum growth was obtained, in the egg protein diets. It was also found that the carbon skeletons of the nonessential amino acids alanine, glutamic acid, glutamine, and aspartic acid are rapidly oxidized to expired carbon dioxide, while those for glycine, serine, proline, and asparagine are used for body protein synthesis rather than for energy production.
In this study, we examined the changes in the response pattern of the metabolic fate of individual essential amino acids when rats were given graded levels of soybean protein isolate in their diets. Methionine and threonine, which are limiting amino acids of soybean protein for rats, were utilized preferentially for body protein synthesis, especially at lower levels of dietary soybean protein, and their proportions in rats fed on the soybean protein diets exceeded those obtained on the egg protein diets over the entire range of dietary PC% (Fig. 3) . Conversely, the oxidative degradation of methionine was markedly depressed at 5 to 15 PC% and it increase more than 20 PC% in the soybean protein diets, while when the egg protein diets were given the oxidation to 14CO2 from labeled methionine increased linearly. At higher PC% in the soybean protein diets, the utilization of other essential amino acids for body protein synthesis, except for lysine and arginine, were greater than those obtained with the egg protein diets. The oxidative degradation of labeled tryptophan, leucine, isoleucine, valine, and lysine increased linearly with increasing levels of the dietary soybean protein from 5 to 20 PC%, but at higher PC% the degradation rate began to decline. In the case of the egg protein diets, however, the degradation of the essential amino acids in the lower PC% groups was depressed, but it increased linearly in the higher PC% groups. Thus, the results suggested that the metabolic response patterns of individual essential amino acids to soybean protein intake were different from those to the purified whole egg protein intake. These differences of the utilization of amino acid carbons at higher PC% between the soybean and egg protein diets might be attributed to the ratio of essential amino acids to total amino acids (E/T ratio) rather than to the presence of the limiting amino acids of dietary proteins. The E/T ratios of soybean protein and purified whole egg protein are 49 and 57, respectively. It thus appears that the carbon skeletons of essential amino acids are used more efficiently for the synthesis of body protein and less for the oxidation to carbon dioxide in rats fed on the diets having lower E/T ratios. The relationships between the dietary E/T ratios and amino acid utilization will be published elsewhere.
The overall oxidative degradation of a specific amino acid is adopted to estimate the efficiency of amino acid utilization (19) , to assess the amino acid requirement (20) , and to explore the adaptive mechanisms in protein depletion (21) (22) (23) . The validity of this technique is based on the assumption that a large proportion of the amino acids will be conserved and used preferentially for body protein synthesis when this amono acid in the diet is below the requirement. When the amino acid supply exceeds the need for the animal, increased use of the carbon skeleton for alternative processes such as lipogenesis, gluconeogenesis and oxidation to carbon dioxide may be expected. Since a good inverse correlation between the expired 14CO2 production and the incorporation of 14C into body protein was obtained in our studies, an amino acid oxidation method may also be adapted to estimate the efficiency of amino acid utilization for the proteins of rice, wheat, soybean, and legumes. 14C -AMINO   ACID  METABOLISM  AND  SOYBEAN  PROTEIN  DIETS  443 
